Protecting groundwater resources plays an important role in watershed management. For this purpose, studies on groundwater flow dynamics incorporating surface water-groundwater interactions have been conducted including analytical, numerical, and experimental models. In this research, a stream-aquifer system was considered to understand the physical behavior of surface water-groundwater interactions. Interactions in a stream-aquifer system were incorporated into the mathematical modeling by defining the stream head as a boundary condition for the groundwater flow equation. This boundary was chosen as a sloping stream boundary, which is an approach in representing the natural conditions of the stream and may be used to define continuous interactions between stream and aquifer. A semi-analytical solution for transient 2D groundwater flow was developed for the considered problem. Isotropic, homogeneous, and finite aquifer assumptions were made in order to define the aquifer characteristics. Then, a series of laboratory experiments was conducted to simulate this stream-aquifer system. Finally, a numerical model was developed by using Visual MODFLOW to verify analytical and experimental results. Numerical results matched with both analytical solutions and the experimental observations.
INTRODUCTION
where h is the groundwater head (L), K is the hydraulic conductivity of the aquifer (L/T), S s is the specific storage (1/L), and W is the source/sink term (1/T).
Analytical solution
An analytical solution was developed for the 2D groundwater flow system. In this solution, the transient flow condition was taken into account. The sloping stream boundary was used in an unconfined, isotropic, and homogeneous aquifer. In addition to these assumptions, by neglecting the source/ sink term, and linearizing the equation for situations where spatial variation of h is small with respect to magnitude of h, Equation (1) reduces to the following:
The problem was considered in a finite domain. The stream was located along the y-axis of the aquifer. The streambed was assumed as fully saturated ( Figure 1 ). The following boundary conditions were applied to the problem:
where J is the streambed slope (L/L), H 0 is the initial head of the aquifer (L), and L x and L y are the lengths of the aquifer along x and y directions (L), respectively.
The boundaries and the stream-aquifer system are shown in Figure 1 .
The analytical solution was developed in three steps:
First, Laplace transform was applied to Equation (2). All boundary conditions were also transformed into the Laplace domain. At the end of this step, Equation (2) becomes the following:
where _ h(x, y, p) is the representation of function h(x, y, t) in the Laplace domain, and p is the Laplace variable. Second, Fourier cosine transform was applied to Equation (8). All boundary conditions were also transformed into the Fourier cosine domain. For a finite domain, the Fourier cosine transform is given as follows:
Figure 1 | Stream-aquifer system with sloping stream boundary.
After applying Equation (9) to Equation (8), the following is obtained:
Finally, after applying the boundary conditions to Equation (10), the solution in the Laplace-Fourier domain is obtained as follows:
By taking the inverse Fourier transform of Equation h(x, y, t) ¼ 1 2πi
exp (pt) _ h(x, y, p)dp (13)
h(x,y,t) is the groundwater head solution in time domain which is obtained by taking the inverse Laplace integrals (Equation (13)). h 1 (x,y,t), h 2 (x,y,t), and h 3 (x,y,t) are the numerical forms of inverse Laplace algorithm (Equation 
Experimental setup
An experimental setup was developed to observe the groundwater flow in the stream-aquifer system with sloping In the experimental setup, the constant hydraulic head changed from 8.3 cm at upstream to 6.9 cm at downstream.
After 2 minutes, the system reached the steady state conditions. The measurements were done after 10 minutes of the start of the experiment to make sure that the steady state condition was achieved in the stream-aquifer system.
The measured groundwater level data and the correspond- 
DISCUSSION
The problem considered in this study showed the streamaquifer relation in a system where the groundwater was fed only by the stream. In addition, this system allowed for observation of the effects of the sloped stream head on groundwater head distribution. The considered problem in this study had two important assumptions on boundaries.
The first assumption was the definition of a sloping stream boundary which is a good approximation of a natural stream-aquifer system. This type of boundary can also be used in interaction modeling, e.g., flooding. Incorporating the sloping stream as a boundary condition helps in 
